We obtain constraints on possible anomalous interactions of the top quark with the electroweak vector bosons arising from the precision measurements at the Z pole. In the framework of
I. INTRODUCTION
The Standard Model (SM) of electroweak interactions has passed through an intense experimental scrutiny that confirmed several of its predictions. In particular, the precise LEPI measurements performed at the Z pole show that the SM describes extremely well the couplings between the gauge bosons and the light fermions [1] . Notwithstanding, the couplings of the top quark to the gauge bosons are still rather poorly measured at the Tevatron pp collider [2] . Furthermore, some other elements of the SM, such as the symmetry breaking mechanism, have not been directly tested yet.
If the breaking of the SU(2) L ⊗ U(1) Y symmetry takes place via the Higgs mechanism with a relatively light elementary Higgs boson, both the symmetry breaking and the fermion mass generation can have a common origin. However, if no fundamental Higgs particle is present in the theory, the mechanism that breaks the electroweak symmetry and the one that gives rise to the fermion masses are not necessarily related, and we can envisage a breaking in the universality of the fermionic interactions [3] . One may expect that the top quark, being the heaviest of the known fermions, should be more sensitive to the existence of new physics in the electroweak breaking sector. This is certainly the case if, for instance, the breaking of the electroweak symmetry occurs dynamically via the appearance of a tt condensate [4] .
Whatever the dynamics of the symmetry breaking mechanism is, renormalizability requires that this breaking must occur spontaneously. This leads to the existence of Goldstone bosons associated with the broken directions which become the longitudinal components of the massive gauge bosons. Assuming this as our starting point, we can build effective low-energy Lagrangians which describe the interactions of these Goldstone bosons. The self-interactions of the Goldstone bosons, to lowest order, is totally determined by the symmetry breaking pattern and it is described in terms of a unique dimensionful parameter v.
However, the interactions between the Goldstone bosons and other fields, such as fermions, involve new unknown parameters that, when the interaction is gauged, leads, in general, to universality violation in the couplings between gauge boson and fermions.
Limits on universality violation in the interactions of the top quark to the gauge bosons have been studied before in Ref. [3, 5] where the authors included only dimension-four operators. In this work, we construct the most general CP invariant dimension-five Lagrangian for the interactions between the Goldstone bosons and the top and bottom quarks. In the unitary gauge, these Lagrangians give rise to non-universal scalar and tensor couplings of the top and bottom quarks to the gauge bosons. Since the SLC and LEPI achieved a precision of the order of 0.1 percent in some observables, the Z pole physics is the best available source of information on these interactions. We obtain the constraints on these anomalous top couplings by imposing that their one-loop contributions to the electroweak parameters are compatible with the Z pole data [6] .
II. EFFECTIVE LAGRANGIANS
If the Higgs boson, responsible for the electroweak symmetry breaking, is very heavy, it can be effectively removed from the physical low-energy spectrum. In this case and for dynamical symmetry breaking scenarios relying on new strong interactions, one is led to consider the most general effective Lagrangian which employs a nonlinear representation of the spontaneously broken SU(2) L ⊗ U(1) Y gauge symmetry [7] . The resulting chiral Lagrangian is a non-renormalizable non-linear σ-model coupled in a gauge-invariant way to the Yang-Mills theory. This model independent approach incorporates by construction the low-energy theorems [8] , that predict the general behavior of Goldstone boson amplitudes, irrespective of the details of the symmetry breaking mechanism. Unitarity requires that this low-energy effective theory should be valid up to some energy scale smaller than 4πv ≃ 3 TeV, where new physics would come into play.
In order to specify the effective Lagrangian for the Goldstone bosons, we assume that the symmetry breaking pattern is G = SU(2) L ⊗ U(1) Y −→ H = U(1) em , leading to just three Goldstone bosons π a (a = 1, 2, 3). With this choice, the building block of the chiral Lagrangian is the dimensionless unimodular matrix field Σ,
where τ a (a = 1, 2, 3) are the Pauli matrices, which obey Tr(τ a τ b ) = 2δ ab . We implement the SU(2) C custodial symmetry by imposing a unique dimensionful parameter, v, for charged and neutral fields. Under the action of G the transformation of Σ is
where α a and y are the parameters of the transformation.
The gauge fields are represented by the matricesŴ
while the associated field strengths are given bŷ
which transform under G according tô
In the non-linear representation of the gauge group SU(2) L ⊗ U(1) Y , it is possible to introduce a mass term for the vector bosons, which is given by the lowest order operator involving the matrix Σ. Therefore, the kinetic Lagrangian for the gauge bosons reads
where the covariant derivative of the field Σ is
In order to include fermions in this framework, we must define their transformation under G. Following Ref. [3] , we postulate that matter fields feel directly only the electromagnetic interaction, which determines the fermion transformations,
where Q f stands for the electric charge of fermion f . In this framework, the usual fermion doublets are defined through
where
with Y = 2Q f 1 − 1. Right-handed fermions are just the singlets f R .
In this framework, the lowest-order interactions between fermions and vector bosons that can be built are of dimension four, leading to anomalous vector and axial-vector couplings.
These structures for the anomalous top interactions were analyzed in detail in Ref. [5] .
On the other hand the dimension-five effective Lagrangian gives rise to scalar and tensor fermionic currents. In order to construct the most general Lagrangian describing these interactions, it is convenient to define the vector and tensor fields
The transformation properties of Σ 
In the unitary gauge (Σ = 1), we have Σ
where s W (c W ) is the sine (cosine) of the weak mixing angle, θ W .
Using the above vector fields and the field strengths of the electroweak gauge bosons, it is possible to construct three scalar structures
and five tensor operators
The corresponding basic fermionic elements for the construction of neutral-and chargedcurrent effective interactions are
where P X , with X = 0, L, and R, stands for I, P L , and P R , respectively, with I being the identity matrix and P L(R) the left (right) chiral projector. The fermionic field q (q ′ )
represents any quark flavor. Under the action of G, these quantities transform as
Contracting the operators (9) and (10) with the fermionic currents (11), we can construct the most general neutral-current interactions of dimension-five that are invariant under nonlinear transformations under G:
and the charged-current interactions as,
In the unitary gauge, we can rewrite these interactions as a scalar (L S ) and a tensorial (L T ) Lagrangian involving the physical fields, i.e.,
and
where the couplings constants α's and β's are linear combinations of the a's and b's in Eq.
(12) and (13) . In writing the interactions (14) and (15), the coupling constants were defined in such a way that we have a factor g/(2c W ) per Z boson, g/ √ 2 per W ± , and e per photon.
Similar interactions were obtained in Ref. [9] , and for a linearly realized symmetry group, in Ref. [10] .
Since chiral Lagrangians are related to strongly interacting theories, it is hard to make firm statements about the expected order of magnitude of the couplings α's and β's. Requiring the loop corrections to the effective operators to be of the same order of the operators themselves suggests that these coefficients are of O(1) [11] . However, if the high energy theory respects chiral symmetry, we can also foresee a further suppression factor proportional to m top /Λ.
III. LIMITS FROM Z POLE PHYSICS
At the one-loop level, the effective interactions (14) and (15) We parametrize the anomalous non-universal contributions to the vertex Zbb as,
Our results show that the new operators lead to pure left-handed contributions to this vertex,
A , in the limit of vanishing bottom quark mass. Therefore these corrections can be cast in terms of the ǫ b parameter [13, 14] .
Recent global analyses of the LEP, SLD, and low-energy data yield the following values for the oblique parameters [6] , which include the standard model and new physics contributions,
In order to include low-energy observables in the extraction of the values for the ǫ's, one must assume that the vacuum polarization corrections differ from the SM ones only by terms up to order q 2 in the momentum expansion. Since this is the case for the couplings we are considering, we are allowed to use the values in Eq. (18) in our analysis. The extraction of the values of the ǫ parameters due to new physics requires the subtraction the SM contribution, which depends upon the SM parameters, and in particular, on the top quark mass m top .
Our procedure to obtain the bounds on the operators (14) and (15) is the following:
first we evaluate their corrections to the gauge boson self-energies and to the Zbb vertex using dimensional regularization [15] , and neglecting the external fermion masses. Then, we use the leading non-analytic contributions from the loop diagrams to constrain the new interactions -that is, we keep only the logarithmic terms, dropping all the others. The contributions that are relevant for our analysis are easily obtained by the substitution
where Λ is the energy scale which characterizes the appearance of new physics, and µ is the scale in the process, which we take to be µ = m top .
The contributions to the oblique parameters due to the top anomalous interactions are
where N c = 3 is the number of colors.
The anomalous contributions to the Zbb vertex are left-handed for m b = 0, and their expression in terms of the ǫ b parameter is
We made a consistency check of our calculation by analyzing the effect of these new interactions to the γbb vertex at zero momentum, which is one of the renormalization conditions in the on-shell renormalization scheme. We verified that our result for this vertex does vanish at q 2 = 0.
From the expressions above, we can see that the effect of operators contributing to ǫ 1 and We show in Table I GeV ≤ M H ≤ 1 TeV.
